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Abstract 
Current design philosophy permits moment-resisting frames subjected to cyclic loading to be induced into the inelastic range where the 
forces that develop in parts of the structure will exceed their design values. In this phase of inelastic range the beam-column joints are 
obliged to resist high horizontal and vertical shear stresses coming from the adjacent beams and columns. This occurs during a large 
number of inelastic cycles and while the joints need to dissipate large energy values. However, in spite of systematic research that has 
been carried out investigating the behavior of reinforced concrete beam-column connections in the past 20 years in the US, New Zealand, 
Japan, we have not succeeded in improving satisfactorily this behavior, the specific features of which are extreme decrease of strength, 
stiffness and energy dissipation capacity, all of which may lead to collapse of the whole building. Attempts at improving beam-column 
joint performance resulted in nonconventional methods of reinforcing, such as the use of fiber concrete. Paulay, Park and Phillips first 
introduced the concept of using inclined main reinforcement to prevent brittle failure in short reinforced concrete coupling beams. 
Following the work of Paulay, Park and Phillips, Minami and Wakabayashi and Tegos and Penelis applied the idea in short columns. The 
results showed that the columns with inclined reinforcing bars performed considerably better than those with conventional reinforcement. 
Beam-column joints have many similarities in geometry, state of stress and mechanical behavior with short columns and coupling beams. 
For these reasons, the efficiency of a novel nonconventional reinforcing pattern by the use of crossed inclined bars in column  is examined 
as a way of improving the seismic performance of type 2 exterior beam-column joints. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Institute of Technology Nirma 
University, Ahmedabad. 
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1. Introduction 
A lot of design code recommendations and analytical expressions for computing the exterior beam-column joints shear 
strength under seismic loading exist, but are not able to supply an accurate prediction, mainly because of the several 
parameters that take part and statically indetermination of the problem. There are different approaches followed by various 
codes and authors, trying to predict the real shear strength behavior of an exterior beam-column joint under earthquake 
loads. Extensive literature review indicates that the research on reinforced concrete beam column joints began almost 20 
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years ago. The various categories of research that has been done so far gives an idea of the possible loopholes on which 
intensive research work can be carried out since we do have issues till today in the form of beam column joint failures that 
occur due to severe earthquakes.  
Literature Review shows that a number of papers have been published on the research work done on exterior reinforced 
beam column joint with different innovative reinforcement patterns. Cross bars in the beam, Inclined bars in column etc., 
(Tsonos AG et al).  Here a gap in this research has been taken up for study and a column new reinforcement pattern is being 
proposed. Cross inclined bars in the column (CCIR) is proposed and a study is done. A parametric study of this joint with 
cross inclined bars at the joint will be studied with different parameters like grade of concrete, tie ratio, joint aspect ratio, 
energy dissipation, yield ratio etc. A number of models in ANSYS 13.0 workbench and mechanical APDL are developed 
for different cyclic loads and boundary conditions. 
1.1 Modeling of Building Frame 
A G+3 storey building having panel aspect ratio 1.00 for all bays is analyzed and designed for seismic forces in Zones III as 
SMRF respectively using STAADPRO 2007.The plan and sectional elevation of the building is shown in the fig 1. 
 
Fig.1 Plan of building (All dimensions are in meters) 
 
 
 
 
 
 
 
Fig. 2 Sectional elevation along Y-axis (All dimensions are in meters) 
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Fig. 3 Sectional elevation along X-axis (All dimensions are in meters) 
 
Fig 4 Exterior Beam Column Joint Depicted 
1.2 General data 
Grade of concrete     : M20, M25, M40 
Grade of steel considered    : Fe 250, Fe 415 
Live load on roof     : 1.75 KN/m2 (Nil for earthquake) 
Live load on floors    : 3.5 KN/m2 (50 % for earthquake) 
Roof finish     : 1.0 KN/m2   
Floor finish     : 1.0 KN/m2 
Brick wall in longitudinal direction(BL)  : 250 mm thick 
Brick wall in transverse direction(BT)         : 150 mm thick 
Density of concrete     : 25 KN/m3      
Density of brick wall including plaster  : 20 KN/m3 
Plinth beam(PB1)                                            : 350X250 mm 
Plinth beam(PB2)                                            : 300X250 mm 
Plinth beam is also designed using Staadpro. 
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Fig 5 Exterior Beam Column Joint Displacements 
 
Fig 6 Exterior Beam Column Joint Bending Moments 
 
Fig.7 Exterior Beam Column Joint Shear Forces 
1.3 Finite Element Modeling of External Beam-Column Joint  
 ANSYS 13.0, a nonlinear finite element analysis package is used to develop a 3D model of External beam-column joint. 
Modeling  The beam-column joint geometry is modeled using link 8 and solid 65 elements which represent steel and 
concrete respectively. The mesh is generated using a preprocessor.  
Mesh Refinement - Refinement is done in the limited areas of the specimen although regular meshing is performed over the 
entire area.  Mesh refinement is done in compression zones where the concrete is expected to crush at failure. 
Reinforcing bar anchorage - To study the effect of individual reinforcing bars on joint behavior, discrete bars are specified 
for all of the reinforcements within the model. The anchorage of the beam tension bar is one of the main contributors to 
joint behavior. The anchorage behavior is significantly affected by the material model of the element in which the bar is 
embedded, and the presence of any additional reinforcing bars within the elements.  
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Boundary condition - Modeling of the boundary conditions is the most critical aspect in achieving sensible and reliable data 
from a finite element model. Column connection is modeled as fixed supports to match the displacement response of the 
model.  
Mesh arrangement - A single mesh is developed for use with both the new reinforcement bar anchorages within the joints.  
Solution criteria   
 Loading: The constant magnitude of column load is applied to the model as a distributed gravity load to column 
elements above the joint, thereby reducing load concentration problems at the top of the column. Cyclic load is 
applied at the tip of the beam in regular increments at a point to have a significant effect on the ultimate capacity of 
the section. 
 Maximum Iteration limit: A maximum iterations of 15 are used with each of the models.  
 Failure criteria:-Load deflection response of the beam gives a clear indication of the ultimate capacity of the model 
for all the failure mechanism considered. The shape of the load deflection curve indicates the ductility, and hence, 
the type of failure. However the failure mode is clearly indicated by the crack development pattern prior to ultimate 
load failure.  
The finite element analysis is an assembly of finite elements which are interconnected at a finite number of nodal points. 
The main objective is to simulate the behavior of the beam-column joint under cyclic load on the beam by constraining the 
columns.  
In the present study, discrete modeling approach is used to model the behaviour of Steel reinforced beam-column joints 
using ANSYS software. In this approach, concrete column and beam elements are modeled by Solid65 elements while the 
reinforcement (steel) is modeled by Link8 elements. The nonlinearity is derived from the nonlinear relationships in material 
models and the effect of geometric nonlinearity is not considered. The parameters to be considered for Solid65 element are 
material number, volume ratio and orientation angles (in X and Y direction). Since there is no rebar data (smeared 
reinforcement), the real constants (volume ratio and orientation angle) are set to zero.  
The parameters to be considered for Link8 element are cross sectional area and initial strain. The values entered for Link8 
element are given in the Table 1. The material properties defined in the model are given in Table 1. Material model number 
1 and 2 refer to the Link8 element and 3 refers to Solid65 element respectively. EX is the modulus of elasticity of the 
 
The ANSYS program requires the uniaxial stress strain relationship for concrete in compression. Equations 1a, 1b and  1c 
are used to construct the uniaxial compressive stress-strain curve for concrete in this study.  
     1 a    
                   1.b    
Ec=f         1 c 
  
1.4 Behavior of Steel reinforcements in Tension and Compression  
The steel stress-strain relation exhibits an initial linear elastic portion, a yield point, a strain hardening range in which stress 
again increases with strain and finally, a range in which the stress drops off until fracture occurs. The extent of the yield 
plateau is a function of the tensile strength of steel. In this study the reinforcing steel is modeled as a linear elastic, linear 
strain hardening material with yield stress. The slope of the strain hardening branch is determined so that the strain energy 
of the model is equal to the strain energy of the experimental steel stress-
reinforcing steel, Es2 is strain hardening modulus.  
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Table 1 : Material Properties 
Material Model No Element Type Material Properties  
1 Link Spar 8 Steel Linear Isotropic  
Ex 2.1 X 1011 N/m2 
Prxy 0.3 
Bilinear Kinematic 
Yield Stress 498 X 106 N/m2 
Tangent Modulus 847 X 106 N/m2 
2 Solid-Concrete 65 Linear Isotropic  
Ex-M20 28794 X 106 N/m2 
Ex-M25 32527 X 106 N/m2 
Ex-M30 34517 X 106 N/m2 
Prxy 0.15 
Concrete 
Shear Transfer Coefficients For An Open Crack 0.2 
Shear Transfer Coefficients For An Closed Crack 0.9 
Uniaxial Tensile Cracking Stress 3.71 X 106 N/m2 
Uniaxial Crushing Stress 35.376 X 106 N/m2 
Biaxial Crushing Stress 0 
Ambient Hydrostatic Stress State 0 
Biaxial Crushing Stress Under Ambient Hydrostatic Stress State 0 
Uniaxial Crushing Stress Under Ambient Hydrostatic Stress State 0 
The material properties used here are from literature review. 
 
2.0 A NOVEL REINFORCEMENT PATTERN 
 
During strong earthquake, beam-column connections are subjected to severe reversed cyclic loading. If they are not 
designed and detailed properly, their performance can significantly affect the overall response of a ductile moment-resisting 
frame building. The performance of beam-column joints subjected to seismic forces may be improved only if the major 
design considerations are satisfied. Though there is no explicit Indian Code for design of beam-column joints for seismic 
forces, where as severe importance is given in many international codes for design and detailing of joints. 
             
      
     
 
 
 
 
 
                                                                                                                     
 
Fig 8 Shows the notations used and the reinforcement details of CCIR 
To understand the complex mechanism and safe behavior of joint, a non conventional way of reinforcement such as the use 
of the crossed inclined bars (CCIR) are used in the joint area. In this study, to improve the joint behavior and joint capacity 
following tasks are taken into consideration.  
a) The influence of the Column Cross Inclined Bars on the shear strength of the cyclically loaded exterior 
RC beam column joint. 
b) The influence of the High Strength Concrete on the shear strength of the cyclically loaded exterior RC 
beam column joint. 
c) The influence of Tie Ratio on the shear strength of the cyclically loaded exterior RC beam column joint. 
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d) The influence of the Axial Load Ratio on the shear strength of the cyclically loaded exterior RC beam 
column joint. 
e) The influence of Joint Aspect Ratio on the shear strength of the cyclically loaded exterior RC beam 
column joint. 
f) To examine the effectiveness of exterior beam-column joints designed as per IS 1893: (part 1) 2002 and 
detailed as per IS 13920: 1993. 
 
       
(a) (b)                                                           (c) 
        
(d)                                                         (e)                                                             ( f) 
          
(g)                                                       (h)                                                                     (i) 
Fig 9. Ansys workbench models (a),(b),(c),(d),(e)  depicting load cycle in reverse direction and (f), (g),(h),(i) showing the cyclic behavior in downward 
direction. 
3.0  Results & Discussion  
 
3.1 Ansys Results for CCIR 
The results have been discussed for the influence of key parameters on the joint behavior and improvement of joint 
performance with different joint configurations (with crossed inclined bars). The investigation of joint has been pursued on 
two different fronts, in the present study. 
In the first approach, the parameters that influence the behavior of the cyclically loaded beam-column joints are 
investigated. Several parametric studies are carried out to explore the shear resisting mechanisms of cyclically loaded RC 
beam-column joints using a finite element modeling database consisting of a large number of joint tests. 
In the second approach, a design equation is proposed to predict the shear strength of the cyclically loaded exterior RC 
beam-column joints. The proposed equation takes into consideration of the influence of the shear mechanism of the crossed 
inclined bars.  It is also observed that Average Yield Ratio* (ability of the specimen to the resist the load) increases from 
first cycle of loading to eighth cycle of loading in all joints. CCIR pattern gives better load resistance than the other joint.  
 
3.2 CCIR Drift  
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CCIR pattern delays the initiation of first diagonal crack as compared to Seismic Joint IS 13920 pattern. 
 
Table 2 Drift in Percentage 
 
 
 
 
 
 
The above table 2 proves that CCIR joint is superior to other types of joints in terms of yield penetration and drift. 
Principal tensile stress increases with increase in loading cycle. If the principal stress exceeds 4.50 N/mm2 joint starts 
cracking in M 40 Grade of concrete. 
 
3.3 Energy Dissipation 
 
Maximum energy dissipation is observed in CCIR compared to seismic joint IS 13920 in higher grade of concrete. 
 
Table 3 Energy Dissipation 
Joint reinforcement 
patterns 
Grade of 
concrete 
(N/mm2) 
Maximum energy 
dissipation 
Percentage increase 
in energy dissipation 
index 
Seismic (IS 13920) 40 1 - 
CCIR 40 1.18 18% 
 
The above table 3 proves that CCIR joint is superior to other types of joints in terms of energy dissipation. 
CCIR pattern results in development of plastic hinges outside the joint area, thereby absorbs relatively more energy than 
seismic joint IS-13920. 
CCIR patterns introduces a new mechanism of shear transfer, that is, truss mechanism of cross inclined bars in addition to 
the two known mechanisms of conventional reinforced joints which are i) Truss mechanism of shear reinforcement ii) 
Mechanism of concrete diagonal compression struts. 
 
3.4 Lateral Tie Ratio 
 
CCIR pattern has indicated that the combination of crossed inclined bars and stirrups is essential for the joint safety and it 
has also improved joint shear capacity. 
Stiffness increases up to initial cycles and there after it decreases rapidly as the intensity of cycle increases in almost all the 
joints. 
Table 4 Lateral Tie Ratio 
Joint reinforcement 
patterns No. of Lateral Ties Stiffness  
Relative 
percentage 
increase 
Seismic IS 13920) 0 1 - 
CCIR 0 1.79 79 % 
 
The above table 4 proves that CCIR joint is superior to other types of joints in terms of stiffness of a joint. CCIR improves 
stiffness compared to seismic joint IS:13920-1993 for 3 stirrup specimen. It is also observed that Average Yield Ratio 
(ability of the specimen to the resist the load) increases from first cycle of loading to fifth cycle of loading in CCIR.  
 
3.5 Load Resistance 
 
CCIR pattern gives better load resistance than other joint.  
 
 
 
Joint reinforcement 
patterns 
Grade of concrete 
(N/mm2) 
Drift in 
percentage 
Seismic(IS 13920) 40 3.28 
CCIR 40 3.55 
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       Table 5 Yield Ratio 
Joint reinforcement 
patterns 
No. of Lateral 
Ties 
Average yield 
ratio 
Relative percentage 
increase to resist load 
Seismic (IS 13920) 0 1.22 - 
3 1.21 - 
CCIR 0 1.27 4.09 % 
3 1.25 3.3 % 
 
The above table 5 proves that CCIR joint is superior to other types of joints in terms of Average yield ratio of a joint. It is 
seen that joint shear capacity decreases in Seismic Joint IS 13920 and specimen fails completely in case of no stirrups 
specimen. Joint shear capacity increase CCIR compared to Seismic Joint IS 13920 in three stirrups specimen.   
 
3.6 Drift  
Table 6 Drift 
Joint reinforcement 
patterns 
No. of Lateral 
Ties 
Drift in 
percentage 
Seismic ( IS 13920) 0 1.28 3 3.55 
CCIR 0 2.65 3 3.38 
 
The above table 6 proves that CCIR joint is superior to other types of joints in terms of yield penetration and drift of a joint. 
Principal tensile stress at the first crack formation increases with increase in loading cycle. In no stirrup specimen, if the 
principal stress in concrete exceeds 4.5 N/mm2, then concrete starts cracking, and by 4.10 N/mm2 in three stirrups 
specimen. 
Table 7 Energy Dissipation Comparison 
Joint reinforcement 
patterns 
No. of Lateral 
Ties 
Maximum energy 
dissipation  
Relative percentage 
increase in energy 
dissipation 
Seismic ( IS 13920) 0 1 
- 
3 1 - 
CCIR 0 1.25 
25 % 
3 1.296 29.6 % 
The above table 7 proves that CCIR joint is superior to other types of joints in terms of energy dissipation of a joint. 
In no stirrup specimen diagonal cracks are concentrated in the region of the joint from the early loading steps.  
CCIR pattern having crossed inclined reinforcement along with stirrups has the ability to shift the failure from the joint area 
to the end of the beam area.  
 
3.7 Joint aspect ratio  
It is observed that CCIR pattern is more effective in smaller joint aspect ratio compared to other joint patterns. As the Joint 
aspect ratio (hb /hc) increases the contribution of crossed inclined bars towards joint shear decreases. 
Table 8 Joint Aspect Ratio 
Joint reinforcement patterns Joint aspect ratio Average yield ratio Relative Percentage increase 
Seismic ( IS 13920) 
0.75 1.32 - 
1 1.26 - 
1.5 1.27 - 
2.0 1.25 - 
CCIR 
0.75 1.44 9.09 % 
1 1.37 8.73 % 
1.5 1.31 3.15 % 
2.0 1.29 3.20 % 
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The above table 8 proves that CCIR joint is superior to other types of joints in terms of Average yield ratio of a joint. 
Joint shear capacity increase in CCIR   compared to Seismic joint IS 13920 in Joint aspect ratio  
Maximum energy dissipation is observed in CCIR that is 66% for the joint aspect ratio 0.75 compared to all other joints. 
 
       Table 9 CCIR Results 
Joint reinforcement 
patterns Joint aspect ratio 
Maximum energy 
dissipation 
Relative percentage 
increase in energy 
dissipation 
Seismic ( IS 13920) 
0.75 1 - 
1 1 - 
1.5 1 - 
2.0 1 - 
CCIR 
0.75 1.66 66 % 
1 1.63 63 % 
1.5 1.49 49 % 
2.0 1.488 48.8 % 
The above table 9  proves that CCIR joint is superior to other types of joints in terms of energy dissipation of a joint. 
 
4. Conclusions 
1) The present study is aimed at understanding the influence of different parameters on the shear strength of 
cyclically loaded exterior beam- column joints. An emphasis is given to codify the influence of the CCIR 
(Column crossed inclined bars) on the joint shear strength.  
2) The most important factors affecting the shear capacity of exterior RC beam-column joints are: the concrete 
compressive strength, the joint aspect ratio of the joints, anchorage of beam longitudinal reinforcement and 
amount of stirrups inside the joint. 
3) CCIR (Column crossed inclined bars) is a feasible solution for increasing the shear capacity of the cyclically 
loaded beam-column joints. The presence of inclined bars introduces an additional mechanism of shear 
transfer. The greater the joint aspect ratio (hb/hc) less will be the contribution of the crossed inclined bars to 
the joint shear capacity.  
4) External beam-column joints with crossed inclined reinforcement (CCIR) shows high strength, and no 
appreciable deterioration even after reaching the maximum capacity.  
5) CCIR pattern improves the performance of the joint in various aspects.   
6) The pattern shifts the flexural hinges away from the joint thus failure occurs at the end of the beam near the 
column, absorbing more energy it increases the joint shear capacity of external RC beam-column joint. 
7) The load resistant capacity is increased   as compared to other joint configurations.  
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